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Metrics of metabolic control used to monitor and manage diabetes include hemoglobin A1c (HbA1c) and direct measurement of blood glucose concentration. Several studies have shown, however, that HbA1c and blood glucose are not interchangeable estimates of metabolic control (1-3). Moreover, both diabetic and non-diabetic individuals of African heritage tend to have higher HbA1c levels than individuals of European heritage even when blood glucose levels are similar between racial groups (4-7). Racial variation in the quantitative relationship between blood glucose and HbA1c complicates the diagnosis and management of diabetes in racially mixed populations. Understanding why HbA1c levels are persistently higher in blacks than whites could help reduce racial disparity in diabetes outcomes.
Although genetic factors may contribute to racial disparities in HbA1c, public health research suggests that community-level social and environmental factors also play a role (8, 9) . For example, psychosocial variables like depression can lead to poor adherence to physician-recommended treatment and worse diabetes outcomes (10, 11) . Obesity (12) and exposure to social or environmental stressors have been associated with inflammation (11, 13) which in turn can induce insulin resistance (14) and contribute to racial disparity in diabetes outcomes. Gaskin et al. (15) reported that diabetes prevalence was associated with individual poverty for both blacks and whites but neighborhood poverty was associated with diabetes prevalence among blacks and only poor whites. Black children were also reported to have poorer metabolic control and higher mortality rates than non-Hispanic white children even after controlling for individual-level factors like behavior, treatment regimen, and socioeconomic status (16) . To address the possibility that segregation may account for variation in neighborhood risk exposure, LaVeist (17) found no difference in diabetes outcomes among whites and blacks living in the same low-income neighborhoods. The complex interplay between environmental stress, inflammation, and racial disparities in diabetes outcomes is the focus of this study.
Addressing the impact of social and environmental factors on outcomes in pediatric diabetes necessitates combining public health and biochemical perspectives. The concentrated disadvantage index (CDI) is a community-level measure of neighborhood disadvantage derived from factor analysis using six census measures (18) . The use of CDI as a measure of 'concentrated disadvantage' is derived from the work of Sampson et al. (19) on the Project on Human Development in Chicago Neighborhoods. Since that time, CDI has become a well-established, robust, and highly cited measure across the social sciences and public health. In addition, CDI was adopted by the Social Environments Working Group for incorporation in the PhenX Toolkit (20) a widely used compendium of valid, consensus measures of environmental exposures for use in biomedical research.
C-reactive protein (CRP) is a commonly used biomarker of inflammation associated with poor metabolic control as assessed by both higher HbA1c levels and insulin resistance (14, 21, 22) . This project was conducted to test the hypothesis that neighborhood disadvantage is associated with inflammation and poor metabolic control in a racially mixed population of pediatric type 1 diabetes patients.
Methods

Subjects and samples
Type 1 diabetes patients (n = 86) were recruited between March and October 2014 with informed consent from pediatric diabetes clinics at Children's Hospital, New Orleans, LA as approved by the Institutional Review Board at the Louisiana State University Health Sciences Center. Patients included in this convenience sample were aged 5-21 yr with duration of type 1 diabetes of at least 1 yr. Patients excluded from the study included those less than 18 yr without a parent or legal guardian present to give consent, who did not have their HbA1c analysis performed by Children's Hospital laboratory, and who did not have their blood glucose meters with them at the enrollment clinic visit. Four participants were enrolled at one recruitment clinic per week. This slow recruitment rate was due to analytical constraints imposed by a concurrent biochemical study performed on the same study participants. We attempted to recruit two white and two black participants at each enrollment clinic in order of their appointment times but this was not always possible. After a nurse coordinator or physician provided potential participants with a brief overview of the study, those who agreed to participate met with a clinical trial coordinator who executed informed consent and completed a demographic form using data from patient records and information provided by the participant. Addresses, age, gender, self-identified race, duration of diabetes, height, weight, systolic and diastolic blood pressure, and treatment regimen (two shots a day, multiple daily injections, or pump therapy) were collected at each clinic visit. BMI-z scores were calculated as described by Wang and Chen (23) . Blood samples were collected in EDTA (ethylenediaminetetraacetic acid) tubes for analysis of HbA1c and CRP.
Mean blood glucose. Blood glucose data were downloaded from patient glucose meters using each manufacturer's dedicated software. The meter model used by each subject was determined by patient preference or the patient's health care provider. Selfmonitored mean blood glucose (MBG) was calculated for the 30 days prior to the clinic visit and recorded on each patient's chart by a nurse or physician. It should be noted that self-monitored blood glucose measurements typically include a disproportionate number of preprandial events.
Hemoglobin A1c. HbA1c was measured by immunoassay at each clinic visit in the Children's Hospital laboratory using the VITROS 5, 1 FS Chemistry System (Ortho-Clinical Diagnostics, Rochester, NY, USA) with an upper reporting limit of 16%. Results are reported in National Glycohemoglobin Standardization Program equivalents.
C-reactive protein. CRP was measured using a fluorescent bead-based immunoassay system from EMD Millipore (Billerica, MA, USA). Plasma samples were stored at −80
• C and underwent two freeze-thaw cycles before being analyzed. CRP was measured using human cardiovascular disease panel 3 in 96-well plates according to the manufacturer's instructions. Assays were performed in duplicate on a Luminex MAGPIX imaging system using 25 μL of diluted (1:40 000) plasma from each subject. Standard curves were generated using the premixed lyophilized standards supplied by the manufacturer. Median fluorescence intensities were collected using milliplex analyst 5.1 software.
Concentrated disadvantage index
Neighborhood disadvantage was assessed using CDIs generated by factor analysis (18) . A total of 86 patient's home addresses were geocoded to the census tracts of their residence using ArcGIS v10. 
Results
Demographic and clinic data are presented in Table 1 . CDI could not be determined for two white participants with rural addresses. CRP was too low to measure in plasma from two white and one black participant. Five white participants and three black participants had CRP levels indicative of acute infection and inflammation (CRP >10 mg/L). One participant was omitted from analyses involving BMI-z because of age limits to BMI-z calculation. The proportion of males and females, duration of diabetes, BMI-z, mean systolic and diastolic blood pressures, and CRP were similar between racial groups. Mean HbA1c, MBG, and CDI were higher in black patients. Somers' D analysis suggested that a randomly selected black patient was 87% more likely to have a higher CDI than a randomly selected white patient. Unadjusted Spearman's correlation analysis (Table 2) showed that CDI was positively correlated with both HbA1c and MBG but not CRP. The positive correlation observed between CDI and metrics of metabolic control remained significant when adjusted for age, gender, or BMI-z but was no longer observed after adjusting for race. Linear regression analysis (Fig. 1A) confirmed that CDI was strongly positively associated with HbA1c in the study sample. However, regression analysis within racial groups (Fig. 1B) indicated that CDI was only positively associated with HbA1c in black patients.
The lack of association between CDI and CRP (Table 2) remained unchanged when adjusted for age, gender, or BMI-z. In contrast, CDI was significantly positively correlated with CRP after adjusting for race. This observation was confirmed by linear regression analysis which showed that CDI was not associated with log CRP in the study sample ( Fig. 2A) but was positively associated with log CRP (Fig. 2B) when assessed separately in white patients (p = 0.004) and black patients (p = 0.06).
Unadjusted Spearman's correlation analysis (Table 3) showed that CRP was not correlated with HbA1c or MBG. Associations between CRP and metrics of metabolic control remained unchanged when adjusted for age, gender, or BMI-z. A significant positive correlation was observed between CRP and HbA1c, but not MBG, after adjusting for race. Linear regression analysis (Fig. 3A) indicated that log CRP was not significantly associated with HbA1c in the study sample. Analysis within racial groups (Fig. 3B) produced similar results. The separate regression lines for black and white patients had similar slopes but different intercepts, indicating fixed bias in the relationship between CRP and HbA1c across the range of CRP. Linear regression analysis within racial groups, excluding subjects with acute inflammation (CRP >10 mg/L), showed that log CRP was positively associated with HbA1c in white patients (HbA1c = 1.12 CRP + 9.0, n = 46, r 2 = 0.17, p = 0.005) but not in black patients (HbA1c = 0.06 CRP + 10.2, n = 29, r 2 = 0.0, p = 0.95).
Discussion
Racial differences in the relationship between CDI, CRP, and HbA1c complicate the interpretation of the results observed in our mixed race population of pediatric type 1 diabetes patients. For example, the strong positive correlation between CDI and HbA1c or MBG observed in the study sample disappeared when race was included as a cofactor in the analysis. And although regression analysis confirmed that CDI was strongly positively associated with HbA1c in the study sample as a whole, subgroup analysis by race showed that CDI was associated with HbA1c in black participants but not in white participants. Similarly, regression analysis and unadjusted Spearman's correlation showed that CDI was not associated with CRP in the study sample. However, subgroup analysis by race, and Spearman's correlation controlled for race, both indicated that CDI was positively associated with CRP in both black and white participants. Although previous studies have routinely reported positive associations between HbA1c and biomarkers of inflammation (21, 22, 24) , an association between CRP and HbA1c was not consistently observed in this study. For example, Spearman's correlation analysis detected a weak but significant positive correlation between CRP and HbA1c but only when race was included as a cofactor. This observation was not supported by regression analysis which failed to detect an association between CRP and HbA1c in the mixed race study sample as a whole or in black or white participants analyzed separately. Although mean HbA1c was significantly different between racial groups, mean CRP was not. Graphical evidence of fixed bias (different intercepts) in the relationship between CRP and HbA1c in black vs. white participants indicates that HbA1c tended to be higher in black diabetes patients at all observed levels of inflammation. Obesity is a potential source of inflammation (12) but BMI-z was not significantly different between blacks and whites in this study. Moreover, the lack of correlation between CRP and HbA1c in the study sample remained non-significant after statistically controlling for variation in BMI-z.
The apparent lack of association between CDI and HbA1c in white participants is qualified by the fact that fewer white participants lived in disadvantaged neighborhoods as indicated by their lower mean CDI and narrower observed CDI range. The lack of CDI overlap between racial groups makes it impossible to separate neighborhood characteristics from racial characteristics as causes of variability in HbA1c in the study sample as a whole. This issue is partly addressed in this study by evaluating some associations within each racial group separately. Failure to adequately consider group characteristics in drawing inferences about causes of variability across individuals can result in what has been termed as psychologistic or individualistic fallacy, i.e., assuming that an individuallevel outcome like HbA1c can be explained exclusively in terms of individual-level characteristics like race (25, 26) . Such an approach fails to consider neighborhood limitations like access to healthy food, health care, and safe physical activity environments.
Uncontrolled behavioral or environmental factors limited our ability to differentiate between genetic and environmental effects in this study. For example, the SEARCH for Diabetes in Youth study showed that patients using insulin pumps had lower HbA1c levels (27) . When we analyzed our data, we unexpectedly found clear racial disparity in treatment regimen in the study sample, with 64% of white patients using insulin pumps but only 9% of black patients. Statistically controlling for racial differences in treatment regimen post hoc was not feasible in this study due to the low proportion of black insulin pump users. A recent study by Willi et al. (28) found similar racial disparity in insulin pump use that could not be explained by socioeconomic status alone. Poor glycemic control in pediatric diabetes patients has also been associated with Helicobacter pylori infection (29, 30) and with depression (31) which can in turn lead to poor adherence to physician-recommended treatment and worse diabetes outcomes (10, 11) . Controlling for these and other variables can alter the interpretation of study results, as evidenced by the different picture that emerged in the relationship between CRP and HbA1c in white subjects when individuals with acute inflammation were excluded from regression analyses. Collectively, the results of this study show that neighborhood disadvantage (higher CDI) was associated with poor metabolic control (higher HbA1c) in blacks and with inflammation (higher CRP) in both blacks and whites. Differentiating between genetic and environmental effects was not possible, however, due to racial differences in treatment regimen and the lack of significant racial overlap in CDI. This study provides an important lesson for the design of future studies that seek to assess the relative contributions of genetic and environmental factors on racial disparity in HbA1c in diabetes patients. In addition to controlling for characteristics like age, gender, and BMI-z, we strongly suggest that patients should be recruited under protocols that match participants from different racial groups based on neighborhood characteristics and diabetes treatment regimen. Statistically controlling for other behavioral factors (e.g., depression and treatment adherence) and other environmental factors (e.g., ongoing infection or access to health care) may also be warranted.
